Understanding the binding mechanism in neptunyl clusters formed due to cation-cation interactions is of crucial importance in nuclear waste reprocessing and related areas of research. Since experimental manipulations with such species are often rather limited, we have to rely on quantumchemical predictions of their electronic structures and spectroscopic parameters. In this work, we present a state-of-the-art quantum chemical study of the T-shaped and diamond-shaped neptunyl(V) and neptunyl(VI) dimers. Specifically, we scrutinize their molecular structures, solvation effects, the interplay of static and dynamical correlation, and the influence of spin-orbit coupling on the ground state and lowest-lying excited states for different total spin states and total charges of the neptunyl dications. Furthermore, we use the picture of interacting orbitals (quantum entanglement and correlation analysis) to identify strongly correlated orbitals in the cation-cation complexes that should be included in complete active space calculations. Most importantly, our study highlights the complex interplay of correlation effects and relativistic corrections in the description of the ground and lowest-lying excited states of neptunyl dications.
Understanding the binding mechanism in neptunyl clusters formed due to cation-cation interactions is of crucial importance in nuclear waste reprocessing and related areas of research. Since experimental manipulations with such species are often rather limited, we have to rely on quantumchemical predictions of their electronic structures and spectroscopic parameters. In this work, we present a state-of-the-art quantum chemical study of the T-shaped and diamond-shaped neptunyl(V) and neptunyl(VI) dimers. Specifically, we scrutinize their molecular structures, solvation effects, the interplay of static and dynamical correlation, and the influence of spin-orbit coupling on the ground state and lowest-lying excited states for different total spin states and total charges of the neptunyl dications. Furthermore, we use the picture of interacting orbitals (quantum entanglement and correlation analysis) to identify strongly correlated orbitals in the cation-cation complexes that should be included in complete active space calculations. Most importantly, our study highlights the complex interplay of correlation effects and relativistic corrections in the description of the ground and lowest-lying excited states of neptunyl dications.
I. INTRODUCTION
The neptunium atom is one by-product of nuclear fission reactions of nuclear power plants that is characterized by its high chemical reactivity and toxicity. It is further anticipated that neptunium compounds are the main source of radiation during sustained storage. From an environmental point of view, advanced technologies are thus required that allow us to segregate heavy-element compounds from spent nuclear fuel.
1-3 Specifically, safekeeping and reprocessing of spent nuclear fuel necessitate the selective separation of uranium, neptunium, plutonium, and other actinide-containing complexes that can be obtained by coordination of, for instance, polydentate organic ligands. [4] [5] [6] Current research on novel nuclear fuel processing techniques of oxidized americium-containing compounds attracted a great deal of attention on neptunium oxides as they can form similar complexes to americium compounds. Examples are the linear NpO species containing pentavalent (+5) and hexavalent (+6) neptunium, 7-13 also known as the neptunyl(V) and neptunyl(VI) cations, respectively. These compounds have been immensely studied theoretically. [14] [15] [16] [17] Neptunyl cations have the 5f 1 and 5f 2 open-shell electron configuration and are characterized by the equilibrium Np-O bond length of about 1.7-1.8Å. The vibrational spectra of neptunyl(V) contains two characteristic (symmetric and asymmetric) stretching frequencies in the range from 870 cm −1 to 1030 cm −1 . For neptunyl(VI), the vibrational frequencies can be found at around 970 cm −1 * k.boguslawski@fizyka.umk.pl; Also at Faculty of Chemistry, Nicolaus Copernicus University in Torun, Gagarina 7, 87-100 Torun and 1080 cm −1 . 16, 18 Studies on neptunyl ions indicate that configurations, where the valence electrons are found in the 5f δ and 5f φ open-shell configurations, are favoured and are characteristic for the low-lying part of their electronic spectrum. Both experiments and calculations reveal low-intensity f-f transitions.
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Furthermore, neptunyl ions can form small oligomeric or polymeric clusters that are known as cation-cation interactions (CCIs). [24] [25] [26] [27] [28] This characteristic, but simultaneously peculiar behaviour was first observed for neptunium(V) in uranyl perchlorate solution and aqueous chlorate media. [29] [30] [31] New examples of CCIs in solution are still being reported. [32] [33] [34] Specifically, such inter-cationic interactions promote the formation of crystalline structures. 17, [35] [36] [37] [38] [39] [40] [41] [42] [43] CCIs are a technical difficulty for nuclear waste reprocessing systems as they facilitate the stabilization of actinide complexes in spent nuclear fuel.
The CCIs structures are stable primarily because of the bonding interaction between the oxygen and the neptunium atoms of two neighbouring complexes, where the effective charge of the oxygen atoms is negative 44 in contrast to the effective positive charge localised on the actinide atoms. 45 The stability of CCIs is strongly influenced by the Np-O bond distance, 46 which changes in different environments. [47] [48] [49] [50] Since experimental studies on such compounds are impeded, theoretical modelling can provide much sought-after insights into the reactivity and stability of CCIs. However, heavy elements are immensely difficult to describe theoretically because correlation effects and relativistic effects 15, 19, [51] [52] [53] [54] [55] [56] [57] [58] have to be described on equal footing, which poses a challenge for present-day quantum chemistry, especially when the molecular system under investigation contains more than one heavy element. [59] [60] [61] In this work we use state-of-art quantum chemistry methods to model the electronic structure of various arXiv:1804.02241v1 [physics.chem-ph] 6 Apr 2018 neptunium-containing clusters in different environments. Furthermore, following the procedure outlined in ref. 58 , we focus on constructing stable and reliable active spaces that properly describe static/nondynamic electron correlation effects in the investigated neptunyl clusters. As a quantitative criterion, we use the orbital-pair mutual information to select the most important orbitals of large and moderate orbital-pair correlations.
This work is organized as follows. In sections 2, the computational details are presented. Section 3 discusses the structural parameters and spin-state energetics of various neptunium dioxide clusters including their entropy-based active spaces, electronic spectra, and the influence of spin-orbit coupling. Finally, we conclude in section 4.
II. COMPUTATIONAL DETAILS
A. Geometry optimization were optimized with the TURBOMOLE 7.0 software package 62 using the DFT module. The def2-TZVP 63 basis set was chosen for the oxygen atoms, while a smallcore ECP (ECP-60) 64 in combination with the def-TZVP basis set was taken for the neptunium atoms. The BP86 exchange-correlation functional 65, 66 was applied. Our choice was motivated by the good performance of the BP86 exchange-correlation functional in geometry optimizations of actinide species 12, 16, 67 . We should note that dispersion interactions (through, for instance, the D3 correction 68 ) have not been considered in our calculations. Recent findings of Rotzinger 69 suggest that a dispersion correction does not significantly affect the geometry of neptunyl compounds.
All neptunyl clusters were studied both as free molecules in gas phase and in aqueous solution. The aqueous solution was simulated by solvation effects using the Conductor-like Screening Model (COSMO) 70 
module.
C 2h point group symmetry was used for the diamond-shaped clusters and C 2v was used for all T-shaped clusters. was optimized for the doublet and quartet states. For each structure and spin state, a vibrational frequency analysis was performed to verify that the optimized geometry corresponds to a (local) minimum. The geometry of the lowest energy state was chosen for subsequent electronic structure calculations. The ground-state structures of all studied compounds are visualized in Figure 1 .
In order to cross-check the reliability of the COSMO solvation model, we performed additional calculations, where the first solvation shell was explicitly included (using the same exchange-correlation functional and basis sets as described above). We should note that we considered only those clusters for which stable groundstate equilibrium structures could be optimized using the COSMO solvation model, i.e., where the monomers did not diverge. Specifically, we optimized the molecular structures for the quintet state of the T-shaped cluster with three, four, and five H (quartet state), we recomputed the geometries of the neptunyl-neptunyl clusters in the presence of four and six water molecules. The optimized structures and relative energies are provided in the Supporting Information.
B. Remarks on state and orbital labelling
Although spin does not represent a good quantum number in heavy-element compounds, we will nonetheless label electronic structures according to their formal total spin quantum number. This labelling is commonly used in the literature and allows us to straightforwardly identify the number of unpaired electrons in the complexes and clusters. Furthermore, if not mentioned otherwise, we will label the orbitals according to their irreducible representation of the D ∞h point-group of the linear moi-
. This labelling will facilitate the direct comparison of the clusters to the individual subunits.
C. CASSCF with ECP
The CASSCF+ECP calculations were performed with the MOLPRO 2012.1 software suite. [71] [72] [73] [74] For the neptunium atoms, we used an ECP60MWB ANO 64,75 basis set introduced by the Stuttgart/Cologne group, with the core consisting of 60 electrons, and which features energyconsistent, semi-local pseudopotentials. For the oxygen atoms, Dunning's cc-pVDZ basis was used. 76 The orbitals are visualized using Jmol 14.9.1. 77 . In all CASSCF calculations, we used the DFT structures that have been optimized in combination with the COSMO solvation model (cf. Figure 1 ). We performed state-averaged calculations, where the ground state includes two states from each irreducible representation. The quintet state was optimized for the molecules with a total charge of 2+, while for the 3+ charged moiety we calculated the quartet state. Our choice of the active space orbitals is based on previous studies on CCIs presented by Vlaisavljevich et al. 17 . We should note that in the CCI clusters the Np-O bond lengths are longer than in the isolated neptunyl cations. Recent work presented by some of us 78 highlights the importance of φ orbitals if the actinide-oxygen bond elongates. Furthermore, our latest study on plutonium oxides suggests that φ orbitals are important to reliably treat static electron correlation. Thus, in all active space calculations, φ orbitals have been included in the active space. Specifically, the active space of all species contains orbitals corresponding to φ u -and δ u -type orbitals that are characteristic for linear moieties. This resulted in CAS (4, 8) SCF calculations for the T-shaped molecule. Additional σ g -and σ * g -type orbitals are included only in the diamond-shaped structures. These orbitals, built primarily from 5f neptunium atomic orbitals, are occupied by eight electrons (CAS (8, 12) (4, 8) for the diamond-shaped dimers contains only φ u -and δ u -type orbitals as for the T-shaped species. The extended CAS (8, 12) for the diamond-shaped complexes contains similar active space orbitals as chosen in CAS(8,12)SCF+ECP. Eight wave functions (two in every irreducible representation) were calculated for both the quintet and triplet states. For the diamondshaped [NpO 2 ] 3+ 2 , the calculations using both minimal CAS (3, 8) and extended CAS (7, 12) result in broken symmetry solutions and are thus not presented here. The CASSCF wave functions were used to calculate multistate CASPT2 energy corrections, where the ionization potential-electronic affinity (IPEA) shifted H 0 Hamiltonian 90 was applied with an imaginary shift set to 0.1. The relativistic wave functions and spin-orbit energy corrections (in the Atomic Mean Field Approximation [91] [92] [93] ) were calculated in the configuration interaction approach.
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E. DMRG
DMRG calculations
95-104 were performed using the Budapest QC-DMRG program. 105 In accordance to DFT and CASSCF+ECP results, we assume that the pointgroup symmetry of the ground-state wave function is A g , B u , and A 1 , respectively. The orbital basis set comprises the natural orbitals computed with the CASSCF+ECP method discussed in the previous subsection.
The DMRG active space comprises the CASSCF active space extended by including supplementary inactive and virtual orbitals. For all neptunyl clusters, the 20 virtual orbitals (6 in a g and in b u , 4 in a u and in b g ) were added to the CASSCF active space (4 in a g and in b u , 2 in a u and in b g ) resulting in a total of 46 molecular orbitals and 36 electrons. For the CCI of charge 3+, similar orbitals were used, but the number of electrons equals 35 (DMRG (35, 46) ). The CASSCF active space of the T-shaped neptunyl cluster was extended by 13 occupied orbitals (5 in a 1 , 5 in b 1 , and 3 in b 2 ) and 26 virtual orbitals (9 in a 1 , 3 in b 1 , 6 in b 2 , and 6 in a 2 ), yielding DMRG (30, 45) .
We should emphasize that our DMRG calculations will be used to elucidate the orbital correlations in the neptunium dications. As presented in ref. 58 , this orbitalcorrelation analysis will allow us dissect electron correlation effects and to determine which orbitals are hence important for non-dynamic, static, and dynamic correlation.
III. NUMERICAL RESULTS
In this work, we focus on the diamond-shaped and T-shaped dications containing neptunyl(V) and neptunyl(VI) as building blocks. 2 , no equilibrium geometries were found as the monomers diverge. Thus, our calculations suggest that the CCIs cannot overcome the electrostatic repulsion between the neptunyl(VI) subunits. Furthermore, the BP86 exchange-correlation functional combined with the COSMO solvation model did not yield a stable T-shaped [NpO 2 ] 3+ 2 complex. The explicit inclusion of water molecules around the CCI clusters does not influence the diamond-shaped structures as the corresponding bond lengths and angles are similar to those obtained using only the COSMO solvation model. The most pronounced changes can be observed in the T-shaped clusters for the Np-Np distances (vide infra). We should note that numerical studies suggest that the impact of the equatorial ligands on the spectroscopic properties of the actinyl unit is small [106] [107] [108] [109] . (1) . Detailed informations about the neptunyl-water distance can be found in the Supporting Information. The subscript a stands for the neptunyl dimer, where Np (2) is surrounded by four water molecules, while b denotes the structure where three water molecules are attached to Np (1) . The bond lengths and angles of the T-shaped cluster in aqueous solution and in vacuo are summarized in Figure 1 . In the following, we will refer to the (
bond length of the vertical subunit only slightly differs from the corresponding equilibrium distance of the neptunyl(V) monomer. Solvation effects generally increase equilibrium bond lengths compared to calculations performed in vacuo. 14 In the horizontal unit, the internal
one, which also elongates in solution. Only the internal bond length decreases in solution. If the number of unpaired electrons increases, the Np
bond lengths reach their maximum value for the triplet state. The inter-monomeric distance between the vertical and horizontal unit is similar for the singlet and triplet state, while for the quintet state this distance is significantly shorter (about 0.1Å) compared to the other spin states and increases by approximately 0.3Å to 2.5Å in vacuo. Furthermore, the CCI bond distances are considerably shorter in solution than in vacuo. Finally, linearity of both neptunyl(V) subunits is fully preserved in vacuo as well as for the quintet state in solution. Slight deformations from linearity are observed for the vertical subunit of the singlet and triplet state in vacuo and amount to 2
• . Most importantly, our distances between two neptunium centers (4.254Å for the quintet state, 4.172Å for the singlet state, and 4.200Å for the triplet state) agree well with the experimental result of 4.2Å reported by Guillaume et al. 110 . We should emphasize that the inclusion of water molecules to model the first solvation shell is required to reproduce the experimentally observed NpNp distances. However, the number of water molecules TABLE III. Mulliken spin-population analysis for the investigated structures (optimized for BP86 and with the COSMO solvation model), where n denotes the difference between alpha-and beta-electrons for a given atomic center and M stands for the multiplicity. The charge and population of the O (2) atom is exactly the same as for O (1) in T-shaped structure or the same as for O (3) in diamond-shaped structure. 
, and Np (2) -O (4) ) are between 1.800 and 1.915Å, while the distance between the neptunium center of one neptunyl unit and the oxygen atom from the other neptunyl unit is 2.334-2.540 A. We should emphasize that our optimized Np-O bond lengths are in very good agreement with bond distances deduced from various neptunium-containing crystalline solids (cf. Table S3 in the Supporting Information for further details).
Spin-state energetics and total spin expectation values are presented in Table II . The quintet state is the ground state in both the gas phase and solution, while the singlet state lies highest in energy. Furthermore, the aqueous environment does not change the relative order of the spin states and energy gaps between different spin states. Note, however, that the triplet state is considerably spin-contaminated (see also Table II) . Finally, a Mulliken population analysis 111 of all investigated compounds is presented in Table III . A positive charge is located on the neptunium atoms, while the oxygen atoms are negatively charged. The difference between the α-and β-electron density is mostly centered on the Np atom and dominated by f-electrons. The Mulliken population analysis further predicts an excess of β-electron density on the Np atom in the (spin-contaminated) triplet state of the T-shaped CCI. Note that this Np atom is coordinated by three oxygen atoms, while the bi-coordinated Np (2) atom bears a large excess of α-electron density. These differences in magnetization densities on the Np centers may originate from the observed spin contamination in the triplet state. 
2. Orbital-pair correlation measures in the CASSCF natural orbital space
The multi-reference nature of cation-cation interactions in the T-shaped ion can be further elucidated using orbital-pair correlation diagrams (see Figure 2 ), which were obtained using the DMRG algorithm. The correlation between orbital pairs i, j is quantified by the orbitalpair mutual information I i|j . Strongly-correlated orbitals correspond to I i|j > 10 −1 , while for weakly-correlated orbitals I i|j < 10 −2 . For the four-dimensional basis (| , |↑ , |↓ , |↓↑ ), the orbital-pair mutual information is bounded between 0 and ln 16 ≈ 2.7. A detailed discussion on the orbital-pair mutual information as a correlation measure can be found in, for instances, refs. 54,58,112-119. The decaying values of the mutual information are presented in Figure 3 (a plot with a linear scale is shown in the Supporting Information). We observe that the CAS(4,8)SCF active space orbitals (6a 1 , 7a 1 , 5b 1 , 6b 1 , 3b 2 , 4b 2 ,1a 2 , and 2a 2 ) are highly correlated (I i|j > 0. 65) and their contribution to the CCI bonding mechanism is most significant. These orbitals are primarily built of 5f atomic orbitals of the neptunium atom and the 2p orbitals of the oxygen atom. This orbital-pair correlations suggest the important role of 5f orbitals in modelling cation-cation interactions. However, we observe other strongly (I i|j > 10 −1 ) correlated bonding and antibonding orbital pairs: orbitals whose character corresponds to σ u -(3a 1 ), σ * u -(11a 1 ), π g -(2b 2 ), and π * g -type (10b 2 ) orbitals of the linear moieties. Their values of the mutual information are close to other moderately correlated orbital pairs. Specifically, we have other σ u /σ * u -, π u /π * u , and π g /π * g -type orbitals that belong to the group of moderately correlated orbital pairs (I i|j ≈ 10 −2 ). Finally, we observe additional orbital correlations between σ u /π u -, σ * u /π u -, and σ u /δ u -type orbitals. In certain cases, the decay of I i|j shows a jump, i.e., I i|j has a gap in its spectrum, that can be used to set an a priori defined threshold value to identify large and weak values corresponding to static (strong) and dynamic (weak) correlations, respectively. In more general cases, when I i|j decays smoothly, such a separation of scales is not well defined and we use I i|j > 0.1 to identify the large components. 114 We conclude that the δ u -and φ u -type orbitals are thus the most important building blocks of a minimal active space for the T-shaped molecule to properly describe static/nondynamic electron correlation. In order to describe moderate orbital correlations, the active space should also include σ u -and σ * u -, π * u -, π u -, π g -, and π * g -type orbitals whose mutual correlations indicate that these orbitals should not be separated into an active and inactive part of the orbital space. In the following, we will focus on modelling static electron correlation within the CASSCF approach exploiting the minimal active space only. (the first blue point corresponds to the strong correlation between orbitals 4 and 11).
Electronic structures from CASSCF and CASPT2
The relative energies of all states calculated with the CASSCF+ECP method are shown in 
u -type determinants dominate in the wave functions. Including dynamical correlation on top of the CASSCF+DKH2 wave function using second-order perturbation theory (indicated as CAS(4,8)PT2 in Table IV) shifts the relative energies and yields a 1 5 B 1 ground state. Furthermore, CASPT2 lifts the quasi-degeneracies of states lying energetically close to the ground state and simultaneously decreases the energy gap between higher-lying states. Since the energy differences between the lowestlying states are much smaller than 400 cm −1 , the ground state cannot be unambiguously described by spin-free methods.
The influence of spin-orbit coupling on ground and low-lying excited states
The relative energies of the thirteen lowest excited states with respect to the ground state of the T-shaped cluster are listed in Table V . The vertical excitation energies were calculated using the CASSCF/CASPT2 approach including spin-orbit coupling effects. The energetics of all 84 states are shown in the Supporting Information, where the total energy of the lowest lying state is −57,774.911,497 E h . Our results indicate mixing between the CASSCF reference states of different irreducible representations and the triplet and quintet spin states in the low-energy region of the spectrum (see Table  V for more details). We should note that the excitation spectra of the CCI clusters have many similarities to the spectra of the bare neptunyl(V) [19] [20] [21] [22] Table VI (see also Supporting Information for more details). We should emphasize that the differences in bond lengths and angles introduced by the explicit first solvation sphere are minor (approximately 0.03Å) and much smaller than observed in the T-shaped cluster (approximately 0.2Å). In all clusters, the geometry of the neptunyl subunits changes when the CCI is formed. Most importantly, the Np-O bond length becomes asymmetric: the internal Np 14 The presence of solution not only shortens the distance between the oxygen atom of one unit and the neptunium atom of the second unit, but also reduces the angle between this intermolecular bond and the internal arm of the second unit (∠Np (2) bond angles increase. Specifically, the differences in interatomic distances amount to approximately 0.05Å, while the differences in bond angles are only 2
• . The distance between the cationic building blocks in the CCI, Np
, is similar to the CCI distance in the T-shaped structures and in agreement with the experimentally measured Np-O bond length in crystalline structures. The diamond-shaped cluster, however, features a much shorter Np-Np bond, which ranges from 3.357 to 3.489Å in solution compared to the experimentally observed value of 4.2Å.
In 2 is the ground state, while the energy differences with respect to the quintet state increase for decreasing spin multiplicity (see Table VII the predicted spin population on the Np atom is much smaller than for the spin state of higher multiplicity. These differences in magnetization and charge densities on the neptunium centers and oxygen atoms, respectively, may originate from the spin contamination observed for the triplet and doublet state.
Finally, the relative energies of the CCI clusters (with and without explicit solvent) calculated using different exchange-correlation functionals (PBE0, PBE0-D3, B3LYP, and B3LYP-D3) are presented in Table S5 in the Supporting Information. If the solvent is modeled using COSMO, the diamond-shaped cluster is lower in energy than the T-shaped cluster of the same charge for all exchange-correlation functionals investigated (by approximately 6 to 9 kcal/mol). If the solvent is included explicitly, hybrid functionals predict the T-shaped CCI to be energetically lower than the diamond-shaped isomer (about 15 to 20 kcal/mol), while for BP86 the diamondshaped cluster is lower in energy by approximately 9 kcal/mol. We should emphasize that a D3 correction does not significantly affect the relative energies of the CCI isomers (differences are between 1 to 4 kcal/mol). Experimental studies 110 suggest that the T-shaped dimer dominates in solution. Thus, hybrid functionals as well as an explicit treatment of the first solvation shell have to be considered in order to accurately predict the relative stability of the CCI structural isomers. Figure 3(b) shows the decaying values of the orbital-pair mutual information (obtained using the DMRG algorithm) for the diamond-shaped neptunyl(V)-neptunyl(V) cluster, while the orbital-pair correlation diagram is presented in Figure 2 . The two largest values of the mutual information for the diamond-shaped species (I i|j = 0.18) are noticeably smaller than observed in the T-shaped molecule and show up for the bonding and antibonding σ g -type orbitals (5a g /8a g and 5b u /8b u ) of the same irreducible representation. Furthermore, we do not observe a gap in the mutual information as in the T-shaped cluster and I i|j decays rather gradually. The orbital-pair correlations in decreasing order correspond to (a) the strong correlation between the φ u -type orbitals (6a g , 4a u , 6b u , and 4b g ) and between the δ u -type orbitals (7a g , 5a u , 7b u , and 5b g ), (b) correlations between δ u -and φ u -type orbitals of the same irreducible representation, (c) correlations between δ u /δ u -, φ u /φ u -, δ u /φ u -, and σ g /σ * g -type orbital-pairs of different irreducible representations, and (d) moderately correlated π u -and π * utype orbitals (I i|j < 10 −1 ). A balanced active space that describes mostly nondynamic correlation should include primarily the most relevant δ u -, φ u -, σ g -, and σ * g -type orbitals, and preferably the π u -and π * u -type orbitals.
Nondynamic correlation in neptunyl(V)-neptunyl(V)
Orbital-pair correlations in neptunyl(V)-neptunyl(VI)
The decaying values of the orbital-pair mutual information for [NpO 2 ] 3+ 2 are presented in Figure 3(c) , while the orbital-pair correlation diagram is presented in the Supporting Information. In contrast to the neptunyl(V)-neptunyl(V) cluster, the number of orbital-pairs that are strongly correlated (I i|j > 10 −1 ) decreases, while the number of moderately correlated orbital pairs increases. Furthermore, the strong correlation between the σ g /σ * gtype (5a g /8a g and 5b u /8b u ) orbitals is present in both diamond-shaped CCIs. Although δ u -(6a g , 4a u , 6b u , and 4b g ) and φ u -type (7a g , 5a u , 7b u , and 5b g ) orbitals are moderately correlated with each other, the corresponding values of the mutual information mostly do not pass the threshold of I i|j = 10 −1 . Among the strongest orbitalpair correlations, we encounter correlations between π utype orbitals and π * u -type orbitals as well as other diffused orbitals (see the Supporting Information for more details). If we consider only orbitals that are important for nondynamic correlation (I i|j > 10 −1 ), the corresponding active space should contain δ u -, φ u -, σ g -, σ * g -, π u -, and π * u -type orbitals. However, due to the large number of moderately correlated orbitals, a balanced active space for [NpO 2 ] 3+ 2 requires more than 30 orbitals that is computationally infeasible within the CASSCF approach. Due to convergence difficulties, we only included δ u -, φ u -, σ g -, and σ * g -type orbitals in our CASSCF calculations. 
Calculated excited states including spin-orbit corrections
Including spin-orbit coupling using the configuration interaction approach with CASSCF wave functions results in 64 excited states that are presented in the Supporting Information. Table IX contains only the 14 lowest-lying states. All calculated states consist of more than one component and are degenerate or nearlydegenerate. The doubly-degenerate ground states contains only quintet components, while the excited states include both triplet and quintet states. One similar energy, 9 700 cm −1 , was calculated for bare neptunyl(VI). The transitions between excited states feature larger intensities than transitions from the ground states. The total energy of the ground state in SO-CAS(4,8)PT2 calculations equals −57,774.927,095 E h . Thus, SO-CASPT2 predicts the diamond-shaped cluster to be lower in energy than the T-shaped CCI by approximately 10 kcal/mol. Furthermore, the relative energies of the CCI isomers are similar to the relative energies predicted by DFT without an explicit first solvation shell. Our findings, hence, suggest that the relative stability of the CCI clusters de-pends on the environment and requires the inclusion of one (or more) coordination spheres of water.
IV. CONCLUSIONS
The CCIs are an important structure-forming factor for many actinide compounds containing uranyl and neptunyl as simple building blocks. The presence of CCIs strongly affects the characteristic UV-Vis and IR spectra as well as other properties of bare actinyl ions. Specifically for neptunyls, the CCIs are responsible for the formation of the diamond-and T-shaped In this work we analysed the stability of neptunyl(V)-neptunyl(V), neptunyl(V)-neptunyl(VI), and neptunyl(VI)-neptunyl(VI) clusters in different geometrical arrangements, spin-states, and environments. We found that the neptunyl(V)-neptunyl(V) cluster can be found in diamond-and T-shaped geometrical orientations in both aqueous solution and the gas phase, the neptunyl(V)-neptunyl(VI) compound is only stable as a diamond-shaped cluster in solution, while all the neptunyl(VI)-neptunyl(VI) clusters are unstable. The calculated equilibrium geometries for structures of different spin states and orientations of the monomeric subunits show that the CCIs distort the linearity and bond lengths of the monomers, while solvation effects stabilize the structures and decrease inter-cationic distances. In general, our predicted bond lengths agree well with those measured in crystalline structures and solution. Furthermore, the presence of explicit water molecules to model the first solvation shell does not considerably influence the bond lengths and angles of the diamond-shaped CCI. The coordination of water molecules, however, changes the Np-Np bond length (and thus the distance between the monomers in the cluster) in the T-shaped dications. In the presence of water, the theoretically predicted Np-Np distance of the T-shaped compound agrees well with experimental results. To reliably predict the relative stability of the CCI structural isomers, we have to (i) consider at least the first solvation shell explicitly and (ii) choose a hybrid exchange-correlation functional (PBE0 or B3LYP) in DFT calculations. However, a D3 correction does not affect the relative energy of the CCIs.
The electronic structures of the stable neptunyl CCIs clusters were studied within the CASSCF approach with two different scalar-relativistic Hamiltonians: (a) effective core potentials (ECP) and (b) the second order Douglas-Kroll-Hess Hamiltonian (DKH2). We found that the order of the states and the symmetry of the ground state depends on the choice of the (scalar) relativistic Hamiltonian. The ground-state structure of the electronic wave function highlights the strong multireference nature of the diamond-shaped [NpO 2 ] 2+ 2 cluster, where the δ u -type and φ u -type orbitals are quasidegenerate. The Np-O bond in the NpO + 2 monomer has a completely different nature than the CCIs. The main contribution to the chemical bond in the bare complex is made by 6p σ /5f σ hybrid orbitals as well as 6d π , while the correlation measurements show that 5f φ orbitals play an important role in CCIs of actinide compounds.
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The lowest-lying excited states in all studied clusters are mostly degenerate or quasi-degenerate.
Furthermore, our study suggests that the groundstate of the investigated clusters is strongly affected by both electron correlation effects and spin-orbit coupling. Specifically, accounting for dynamical correlation using a CASPT2 correction changes the ground-state from a quintet to a triplet state. Inclusion of spin-orbit coupling entails mixing between triplet and quintet states for the T-shaped CCI, while the diamond-shaped CCI contains only quintet states. The calculated f-f transitions in the electronic spectra of the CCIs are similar to the calculated spectra of the bare neptunyl(V), however the intensities of the transitions are extremely small. Nonetheless, SO-CASPT2 does not predict the proper energetic order of the CCI structural isomers, where the diamond-shaped cluster is lower in energy than the T-shaped compound. To remedy this problem, the first solvation shell might be important and has to be included in the structural models used in SO-CASPT2 calculations.
Although the active spaces of all investigated molecules contained similar orbitals, an orbital correlation analysis highlights different correlations between those active space orbitals in different CCI clusters. In the Tshaped compound, the δ u /φ u -type orbitals dominate the static/nondynamic correlation picture. In the diamondshaped [NpO 2 ] 2+ 2 , the σ g -and σ * g -type orbitals are as important as δ u -and φ u -type orbitals. Reducing the number of electrons increases the significance of diffused and π u -type orbitals and simultaneously decreases the correlation between δ u -and φ u -type orbitals. Finally, our orbital-correlation analysis suggests that a balanced active space for neptunyl-containing CCIs that allows us to describe both nondynamic and static correlation should contain approximately 30 orbitals (δ u -, φ u -, bonding and antibonding combinations of σ g -, σ u -, π u -, and π g -type orbitals of each monomer). However, such large active spaces are computationally infeasible for conventional electronic structure methods like CASSCF. Furthermore, the need to include additional water molecules in the structural model impedes the routine application of CASSCF as some of the oxygen orbitals of the water molecule have to be considered in active space calculations. A four-component DMRG 123, 124 study of all presented CCIs that includes all strongly and moderately correlated orbitals as well as explicit water molecules is currently under investigation in our laboratory. 
